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Lovelock andWhitfield suggested in 1982 that, as the luminosity of
the Sun increases over its life cycle, biologically enhanced silicate
weathering is able to reduce the concentration of atmospheric
carbon dioxide (CO2) so that the Earth’s surface temperature is
maintained within an inhabitable range. As this process continues,
however, between 100 and 900 million years (Ma) from now the
CO2 concentration will reach levels too low for C3 and C4 photo-
synthesis, signaling the end of the solar-powered biosphere. Here,
we show that atmospheric pressure is another factor that adjusts
the global temperature by broadening infrared absorption lines of
greenhouse gases. A simple model including the reduction of
atmospheric pressure suggests that the life span of the biosphere
can be extended at least 2.3 Ga into the future, more than doubling
previous estimates. This has important implications for seeking
extraterrestrial life in the Universe. Space observations in the
infrared region could test the hypothesis that atmospheric pres-
sure regulates the surface temperature on extrasolar planets.
evolution  Gaia  greenhouse  habitability
The Earth is inhabitable largely because its atmosphere con-tains 2 principal greenhouse gases (water vapor and CO2)
that serve as a blanket to trap heat emitted from the surface;
these regulate the global mean temperature within the range in
which life can evolve. If such an atmosphere were absent, the
global mean temperature would be only 18 °C (1), and life,
which relies on liquid water, would not exist. The standard model
of stellar evolution (2) suggests that the solar luminosity was only
70% of the current value when the Sun formed, and has been
steadily increasing to its current value over the past 4.6 billion
years. This implies that the global mean temperature should have
been increasing with time. However, the geological record
indicates that our planet has stayed well within the inhabitable
range of 0–50 °C since the Archean (3), aside from a few
possible ‘‘Snowball Earth’’ events (4, 5). Climate models also
suggest that the partial pressure of CO2 at the surface (PCO2)
3,500 Ma ago was as large as 7,000 Pa and has declined to the
preindustrial value of 28 Pa (6). Had PCO2 remained unchanged
at the level of 7,000 Pa, the present-day surface temperature
would have been much more than 50 °C, the upper limit for most
eukaryotic life. Walker et al. (7) suggested abiotic carbonate–
silicate weathering as a mechanism that reduces the atmospheric
CO2, but it was Lovelock and Whitfield (3) who first proposed
biologically enhanced silicate weathering as the primary mech-
anism regulating the temperature throughout the history of the
Earth. The model proposed by Lovelock and Whitfield (3)
suggested that PCO2 would drop to 15 Pa, the lower limit for
photosynthesis by C3 plants, in100 Ma, implying the end of the
photosynthetic biosphere. This idea was further developed by
Caldeira and Kasting (8) with detailed calculations including C4
plants that can use CO2 at pressures as low as 1 Pa. As the solar
luminosity increases, the partial pressure of CO2 should drop to
15 Pa in 0.5 billion years or gigaannum (Ga) and to 1 Pa in 0.9
Ga, eventually reaching a runaway greenhouse (9) that renders
the Earth’s surface uninhabitable. In their model, a saturated
atmosphere was assumed, which allows the positive feedback by
water vapor as the Earth’s surface warms up. More elaborate
models that include biological and geodynamic processes have
also been developed (10, 11), but estimates for the life span of
the biosphere remain at 1 Ga.
All of these previous studies focused on the greenhouse effect
due to direct absorption by atmospheric species such as water
vapor and CO2, whose radiative forcings are80Wm2 and30
Wm2, respectively. However, atmospheric pressure also plays a
critical role in the greenhouse effect through broadening of the
infrared absorption lines of these gases by collisional interaction
with other molecules (mainly N2 and O2 in the present atmo-
sphere) (1). In other words, if the total atmospheric pressure
were lower, the climate forcing of greenhouse gases would be
smaller, the magnitude of the greenhouse effect would be less,
and the global mean temperature would drop (see Fig. 2 and
later discussions). If, via natural or artificial processes, it were
possible to reduce the Earth’s atmospheric pressure, the life span
of the biosphere would be extended.
Geochemical and geobiological processes may have varied
atmospheric pressure throughout the history of the Earth (12).
Biology regulates overall atmospheric pressure in 2 related but
distinct ways. First, the2  104 Pa of oxygen in the present
atmosphere is maintained directly by oxygenic photosynthesis:
photosystem-II, operating in green plants, algae, and cyanobac-
teria. With the possible exception of O2 produced by the sudden
release of peroxides accumulated in the ice caps of a Snowball
Earth (5), no other mechanism—biotic or abiotic—is known to
be capable of maintaining even trace amounts of this gas in the
Earth’s atmosphere (see ref. 4 for a recent discussion).
The second pressure component in the Earth’s atmosphere
that interacts with biology is the reservoir of gaseous N2; at
nearly 78% volume mixing ratio (vmr), it has the largest influ-
ence on pressure broadening of the greenhouse gas absorption
bands. The atmospheric nitrogen budget is ultimately tied to the
oceanic primary productivity and the subsequent burial of
organic material in the sediments. In the present ocean, organic
matter is incorporated into living organisms in the stoichiometric
Redfield ratio of 106:16:1 for C, N, and P (13). Thus, the C/N
ratio is6.6. But when the organic carbon is buried in themarine
sediments, its C/N ratio is much larger because N, an essential
nutrient, has been stripped for recycling (see, e.g., chapter 11 of
ref. 14). There are measurements of nitrogen in sediments, hard
crustal rocks, and the mantle (15–17): The estimated amounts in
the atmosphere, crust, and mantle are 2.8, 0.4  0.2, and 5.5 
1.9, respectively, in units of 1020 mol of N (15). These measure-
ments show that it is possible to sequester on the order of an
atmosphere of N2 in the crust and mantle. The higher N/rock
ratios seen in the data are believed to be associated with biology.
Thus, natural processes may have caused variations in
atmospheric N2 in the history of the Earth, a result that is
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testable by measurements. For instance, basalt vesicularity has
been used to infer atmospheric paleopressure and hence
paleoelevation by using a standard atmosphere that is the same
as the present one (18). Recently, measurement of atmo-
spheric N2 in the Archean period has also been proposed (29).
Model and Results
Given the potential for biological control of both oxygen and
nitrogen, we cannot assume that the abundance of either of these
gases has remained constant over geologic time. Here, we
present a model to estimate how much the life span of the
biosphere might be extended by regulating atmospheric pres-
sure. We emphasize that the model to be presented is maximally
simplified and that it aims only to estimate the first-order effect
due to the pressure broadening. We shall discuss the shortcom-
ings of the model in the final paragraph of this section. We
assume that during the next 900 million years, the atmospheric
pressure is kept constant at the present value (105 Pa). Following
Caldeira and Kasting (8), as the solar luminosity increases, the
surface temperature rises to 300 K, and PCO2 drops logarithmi-
cally to 1 Pa. At this time, the column abundances of CO2 and
other trace gases including water vapor remain constant such
that C4 plants can subsist. In our model, the atmospheric
pressure is lowered to maintain the surface temperature Tsurf at
300 K. For a given solar luminosity, the effective temperature Teff
of the Earth at radiative equilibrium can be obtained from,
Teff
4 
1 a
4
S, [1]
where a  0.3 is the planetary albedo and S is the solar
luminosity measured at 1 AU, which is a function of time given
by ref. 8
St S0 1 0.38t/4.55 Ga1, [2]
where S0  1,368 Wm2 is the current value of the solar
luminosity (19). This incoming solar energy must be balanced by
the outgoing longwave radiation, defined through the Stefan–
Boltzmann law (1, 20):
Teff
4  
0

Iv T, P, GHdv , [3]
where   5.67  108 WmK4 is the Stefan-Boltzmann
constant. Iv is the outgoing radiation measured at the top of the
atmosphere at wave number v, which is a function of the vertical
profiles of temperature T(z), pressure P(z), and the mixing ratios
GH(z) of the greenhouse gases; it is related to atmospheric
pressure due to the pressure broadening effect described above.
Thus, given the solar luminosity S(t) at a particular time t and the
profiles GH(z) and T(z) with Tsurf  T(z  0), one aims to solve
for the function P(z) such that Eqs. 1 and 3 are equal. For
simplicity, we assume that P(z)  Pref(z), i.e., the pressure
profile is scaled as a whole, for some reference pressure profiles
such that the problem is reduced to solving for the scalar
constant .
Fig. 1. U.S. Standard Tropical Atmosphere profiles used in this work. Note
that 1 mb  100 Pa.
Fig. 2. Absorption spectra at the top of the atmosphere in the present-day Earth for   1 (blue) and 0.2 atm (orange), showing the effect of pressure
broadening. The spectral resolution is 20 cm1. Themajor species responsible for absorption are labeled. (Inset) The total radiative forcing due to the absorption
by greenhouse gases as a function of .
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Iv is calculated from the MODTRAN radiative transfer code
(21) by using the atmospheric profiles from the U.S. Standard
Tropical Atmosphere data (22), including Pref(z) (the reference
profile), GH(z) and T(z), where the surface temperature Tsurf 
300 K (Fig. 1). We assume that T(z) remains constant after 0.9
Ga. Fig. 2 illustrates the effect of pressure broadening on the
absorption features due to the major greenhouse gases. The
absorption spectra have been averaged to a resolution of 20
cm1. It is evident that the amount of absorption is reduced at
lower pressure. The area under the absorption spectra can be
integrated to give the total radiative forcing, which is shown in
the Fig. 2 Inset as a function of . As the solar luminosity evolves,
we solve for the scaling factor  such that the equality between
Eqs. 1 and 3 holds and that the energy balance is achieved:
1 a
4
St 
0

Iv 	Tz,tPrefz,t1GHz
dv [4]
Here, (t), which is time dependent as is S(t), is the only
parameter to be determined. Except for ozone, which is photo-
chemically produced from the ambient oxygen gas whose con-
centration scales with the atmospheric pressure, GH(z) is in-
versely scaled by (t)1 such that the total columns of major
greenhouse gases such as H2O and CO2 are kept constant.
The derived evolution of the surface pressure, given by
(t)Pref(z  0), is shown in Fig. 3. It drops to 3,500 Pa at 2.5
Ga, when the atmosphere consists mostly of water vapor. When
the atmosphere becomes aquatic, most plants and other aerobic
forms of life will be wiped out, marking the end of the aerobic
biosphere. Only bacteria that are capable of carrying out anaer-
obic metabolisms can survive and continue the life processes.
Thus, 2.5 Ga serves as a biological lower limit for the life span
of the biosphere. This is a coarse estimate in that we have
neglected the collision-induced absorption of water vapor. It is
natural to ask whether the Earth’s surface pressure will in fact
decrease according to the previous condition. As pointed out by
Walker (p 118 in ref. 23), nitrogen fixation by biology acts to
naturally draw down the nitrogen content of the atmosphere
through the process of organic matter burial. We can estimate an
upper limit on the efficacy of this process as follows. The carbon
isotope record (24) reveals that organic matter has accounted for
20% of the carbon sinks at the Earth’s surface in the last 3.5
Ga. Considering that a vast reservoir (60 bars CO2 equivalent)
of carbonates exists in sediments, this implies a reservoir of
organic matter (10 bars CO2 equivalent) including nitrogen,
which, with a Redfield ratio of C/N 6, would imply 1 bar of N2
having been removed from the atmosphere over the past 4 Ga,
a rate that is comparable with that needed to offset the effects
of increasing solar luminosity.
However, it is difficult to extend the life span of the biosphere
much beyond 2 Ga physically because the runaway greenhouse
limits the stability of the atmosphere against loss of water vapor
from the planet. In the present atmosphere, loss of water is
mitigated by the cold tropopause. Therefore, even though the
mixing ratio of H2O is 1% near the surface, this value drops
to 106 near the tropopause, effectively trapping the H2O in
the troposphere. However, this cold trap would fail if the
atmosphere were composed of40%H2O. In this case the moist
lapse rate would be insufficient to cause cold trapping at the
tropopause; H2O would be abundant in the upper atmosphere,
where it would be dissociated by UV radiation, followed by
escape to space (9). This is probably the explanation of why
Venus is so dry compared with Earth, having lost an ocean of
H2O via failure of the cold trap. Referring to Fig. 3, Tsurf 27 °C
implies PH2O 3,500 Pa. The runaway greenhouse threshold PRG
may be estimated from PH2O/PRG  0.4, from which we obtain
PRG  8,900 Pa or 0.08 atm for the atmosphere to be stable
against escape. The pressure must not fall below PRG, which
according to our model occurs 2.3 Ga from present. (dashed–
dotted line in Fig. 3).
In the above calculations, we have neglected biological or
geological feedback mechanisms like those in refs. 10 and 11).
For example, as the Earth’s mantle cools down in time, the
volcanic source of atmospheric CO2 may accordingly drop (10).
In the absence of feedbacks, this would imply a lower level
of atmospheric CO2 in steady state than the constant value of 10
Fig. 4. The emission spectra of the Earth’s atmosphere corresponding to the
3 stages shown in Fig. 3. Blue: Stage Awith 330 ppm CO2 under 1 atmospheric
pressure; red: Stage B with 10 ppm CO2 under 1 atmospheric pressure; and,
green: Stage C with 10 ppm CO2 under 0.08 atmospheric pressure.
Fig. 3. The evolution of surface pressure and temperature and the partial
pressure of CO2 in themodel as the solar luminosity evolves in the next 2.8 Ga
from present. Before 0.9 Ga (dashed line), the quantities evolve as described
in Caldeira and Kasting (8). After 0.9 Ga, the surface temperature and the
partial pressure of CO2 at the surface (PCO2) are kept constant while the
atmospheric pressure is lowered to compensate the temperature increase due
to the increase in solar luminosity (see Models and Results). At 2.3 Ga
(dash-dotted line), runaway greenhouse occurs, signaling the ultimate fate of
the biosphere.
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Pa assumed in Fig. 3 after 0.9 Ga. This difficulty arises because
we have considered the fall of CO2 and the pressure loss
separately in different time domains, whereas in reality, they will
operate simultaneously, the modeling of which requires addi-
tional research.
Discussion
Such a prolonged life span for the aerobic biosphere has
implications for the search for life on extrasolar planets and the
question of intelligent life in the Universe (25). The presence of
oxygen-derived ozone (O3) in the atmospheres of planets is
considered to be a biomarker that enables remote identification
of the presence of life. Because the Earth has already expressed
this signature for 2.3 Ga, the continued persistence of the
photosynthetic biosphere for 2.3 Ga into the future implies that
the Earth will be identifiable as an inhabited planet for nearly
half the total lifetime of the Sun, an important point to consider
in the search for life on extrasolar planets.
In general, inert gases besides N2 may provide significant
pressure broadening in the atmospheres of exoplanets. Origin
scenarios allow for a wide range of atmospheric masses and
compositions for forming planets. Thus, given the amount of
greenhouse gases in the atmosphere, the type of star the planet
is next to and the orbital distance of the planet from the star, one
can anticipate that the parameter that determines whether a
planet is habitable is atmospheric pressure. Indeed, this is the
major reason why present-day Mars is not inhabitable.
Remote sensing measurements using low-resolution infrared
spectra have provided convincing evidence of the habitability of
extrasolar planets (26) and the search continues. In the Earth’s
atmosphere, the dominant absorption band in the infrared
region at 700 cm1 is due to stratospheric CO2, whose band-
width is 200 cm1 (v/v  0.28). Thus, this CO2 band is the
most conspicuous signature to examine the pressure broadening
effect in the atmosphere of an Earth-like extrasolar planet. Fig.
4 shows the IR spectra of the Earth’s atmosphere corresponding
to the 3 stages shown in Fig. 3: (A) The present atmosphere (330
ppm CO2 at 1 atm); (B) The atmosphere 0.9 Ga after present as
predicted by Caldeira and Kasting (8) (10 ppm CO2 at 1 atm);
and, (C) The atmosphere 2.3 Ga after present as predicted by
the present authors (10 ppm CO2 at 0.08 atm). In Stage A, the
atmosphere is simulated with a water vapor abundance half that
in the other 2 to account for a low vapor pressure due to the 10
K difference in the surface temperatures. With a resolution of
v  100 cm1(v/v  0.14), the absorption band at 700 cm1
is clearly resolved. The absorption is reduced by half when CO2
drops from 330 to 10 ppm; it is reduced by another half when the
pressure drops by a factor of 10. Differences in the water vapor
absorption are also apparent. However, these absorption fea-
tures cannot be distinguished from those in the current atmo-
sphere (e.g., the Spitzer/IRS instrument has a resolution v/v 
0.5 near 700 cm1) unless the spectral resolution is at least twice
as fine as the bandwidth of CO2. This poses a challenge for future
space technology.
Model Summary
TheMODTRANradiative transfer code has been used in this study
(21). It has a moderate spectral resolution for wavelengths extend-
ing from thermal infrared to UV regions and it uses spherical
geometry to compute the radiances. It solves the radiative transfer
equations by the discrete ordinate method (27). We simulate the
outgoing longwave radiation at the top of the atmosphere. The 1
cm1 statistical band model (1) is used, where the molecular band
parameters are derived from the HITRAN database. The Voigt
equivalent width is directly evaluated from the exact expression for
finite spectral bands (28).
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